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NATIONAL AERONAUTICS AND SPACE ADMMSTRATDN 


TECHNICAL MEMORANDUM X-6 


DESIGN AND EXPERIMENTAL INVESTIGATION OF A HIGH- 
WEEHHLCW LOW-PRESSURE-RATIO TURBINE * 

By Donald A. Petrash, Robert R. Nunamaker, 
and Charles A. Wasserbauer 

Declassified by authority of NASA 
SUMMARY lass if icaj /^“/Change Notices N'O.-tgVr- 
Dated **_Jt 

An over- all performance evaluation was conducted on a high- weight- 
flow, low-pressure-ratio, single-stage turbine for use in a turbojet 
engine designed for a cruise Mach number of 4.0. Results indicated that 
at the equivalent design operating point the rating efficiency was 
essentially the estimated, design value of 0.83. The equivalent design 
weight flow was obtained. At over-all rating pressure ratios above 1.75 
the stator choked for 60 to 100 percent of equivalent design speed. At 
speeds above design speed the rotor controlled the weight flow through 
the turbine. 


INTRODUCTION 

An investigation of turbine components suitable for use in the 
powerplants of several advanced supersonic aircraft is currently being 
made at the NACA Lewis laboratory. As a part of this program the re- 
quirements were investigated of a turbine for use in a low-pressure-ratio 
turbojet engine designed for a cruise Mach number of 4.0. A study of 
these requirements revealed that a single-stage turbine having reasonable 
turbine efficiency might be obtained. Such a turbine will have high- 
weight-flow per unit turbine frontal area, low specific work output, and 
a low hub-tip radius ratio. 

In order to determine the characteristics of a turbine for the 
above application, an experimental turbine has been designed. In the 
design of the turbine-rotor-blade passage the diffusion of the suction- 
surface velocity was kept to a minimum 

The method used in the aerodynamic design of the turbine together 
with the results of a cold-air experimental performance investigation 
are presented herein. 

* Title, Unclassified. 
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The over-all turbine performance was obtained over a range of speed 
from 60 to 120 percent of the equivalent design rotative speed and a 
range of rating total-pressure ratio from 1.2 to 1.8. The inlet total 
temperature and pressure were nominally 80° F and 40 inches of mercury 
absolute , respectively. 


SYMBOIS 

A annular area, sq ft 

a cr critical velocity of sound, ft/sec 

c chord length, ft 

Dp pressure-surface diffusion parameter, 

fblade-inlet relative velocity) ~ (min, blade-surface relative velocity) 

(blade-inlet relative velocity) 

D s suction-surface diffusion parameter, 

(max, blade-surface relative velocity) ~ ( blade-outlet relative velocity) 
(max. blade-surface relative velocity) 

D-|_ o1 . sum of suction- and pressure-surface diffusion parameter, 

H- ^s 

E specific work output (based on measured torque) , Btu/ lb 

g gravitational constant, 32.17 ft/sec^ 

N rotational speed, rpm 

p absolute pressure, lb/ sq ft 

Q torque, ft-lb 

R gas constant, 53.35 ft-lb/(lb) (°R) 

r radius, ft 

s blade spacing, ft 

T temperature, °R 

U blade velocity, ft /sec 
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V absolute gas velocity, ft/sec 

v relative gas velocity, ft/sec 

w weight flow, lb/sec 

a absolute gas-flow angle measured from axial direction, deg 

P relative gas-flow angle measured from axial direction, deg 

y ratio of specific heats 

8 ratio of inlet total pressure to NACA standard sea-level pressure 
of 2116 lb/sq. f t 

(x_+j\ r ~ 1 

v c r s2 \ 2 / 

E function of y, — 

r r s% 

(Zsi_±j \ Tsl ~ 1 


rj aerodynamic efficiency, ratio of actual turbine work (based on 

torque measurements) to ideal turbine work (based on exit pres- 
sure Pg) 

T] x rating efficiency, ratio of actual turbine work (based on torque 
measurements) to ideal turbine work (based on exit pressure 



0 cr squared ratio of critical velocity to critical velocity at NACA 
standard sea-level temperature of 518.7° R 

p gas density ; lb/cu ft 

a blade solidity based on axial chord 

<p coefficient of aerodynamic loading 

Subscripts : 

e exit 

in inlet 

P pressure surface 

r any radius 
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suction surface 

NACA standard sea-level conditions 


t tip 

tot total 

u tangential 

x axial 

0,1,2, 3 measuring stations, see fig. 6 

Superscripts: 

' total or stagnation state 

" relative total or stagnation state 


TURBINE DESIGN 
Requirements 

It was desired to design a turbine having high- weight-flow per unit 
frontal area with relatively low specific work output while at the same 
time maintaining good aerodynamic efficiency. 

The cold-air, single-stage turbine used in this investigation is 16 


inches in diameter and has a constant hub-tip radius ratio of 0.53. The 
over-all design requirements for this turbine are as follows: 

Equivalent specific work output, E/0 cr , Btu/lb 12.22 

wV 9 r -r Yh 

Equivalent weight flow, — ^ e, 28.09 

Equivalent blade -tip speed, U^/ V 0 cr , ft/sec 520 


These design criterion were selected as a result of an unpublished 
analysis of a hy-pothetical turbojet engine designed for a cruise Mach 
number of 4.0. 
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Velocity Diagrams 

The design velocity diagrams at the free-stream stations at the 
stator inlet , stator exit , and rotor exit were determined on the basis 
of the following assumptions: free-vortex flow, simplified radial 

equilibrium, and over-all adiabatic efficiency of 0.83. These velocity 
diagrams, and those calculated for stations in the plane of the blade 
trailing edge for both the stator and rotor, are presented in figure 1. 

The velocity diagrams and the design efficiency were obtained by an 
iterative process in which a set of velocity diagrams was calculated 
q based on an assumed efficiency. Using these velocity diagrams, the losses 

through the turbine were obtained from the average velocity level by the 
method derived in reference 1. A value of the kinetic-energy loss 
coefficient X of 0.06 for the stator and 0,17 for the rotor are used in 
equation (A6) of reference 1, These values of X are representative 
values for low-loss turbines investigated at the Lewis laboratory. A 
new turbine efficiency was then calculated and compared with the assumed 
value. This process was continued until the assumed efficiency was with- 
in 1 percent of the calculated value . The resulting value of 0.83 for 
the estimated design efficiency is a reasonable value for the subject 
turbine. Even though the losses through the turbine are low, the high 
weight flow resulting in high axial Mach numbers and the low specific 
work output are not conducive to achieving high efficiency values. 

A condition of impulse, defined herein as the rotor relative inlet- 
critical-velocity ratio equal to the relative exit-critical-velocity 
ratio in the plane of the trailing edge, exists at the hub of the rotor 
(see fig. l) , 

The energy loss caused by the whirl component of the absolute veloc- 
ity at the rotor-exit mean section (station 3) amounts to 2.0 percent of 
the design work output. 

These velocity diagrams show that, because of the ' relatively low 
radius ratio (0.53) and free-vortex design, a rather wide variation occurs 
in the flow conditions from hub to tip in both the stator and rotor, 

For example, the critical velocity ratio a *- the stator exit 

varies from a supersonic value (1.048) at the hub to 0.698 at the tip 
section. Hie turning through the rotor varies from 84.44° at the hub to 
40.150 at the tip section. The relative rotor-inlet flow angle pg 
varies from S.S0' at the hub to -2.06° at the tip section. Thus, con- 
siderable twist is required in the rotor blade from the hub to the tip 
sections . 
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Blade Design 

A minimization of blade loss is desired in the design of turbine 
stator and rotor blades. For a given aspect ratio this can be accomplished 
by optimizing the solidity. The method of the appendix was used to obtain 
the initial value of stator- and rotor-blade solidities at the hub, mean, 
and tip sections for the subject turbine. A blade-loading coefficient 
<? of 0„8 was used in equation (A5) of the appendix and was assumed t o be 
constant over the blade height. The number of blades was determined from 
the solidities obtained from the appendix, the aspect ratio (3.0), and the 
turbine radius ratio (0.53). 

Simplified radial equilibrium was assumed to exist along radial 
elements at each axial location through the blade passage. The total- 
pressure drop through the blade row was assumed to be linear in the axial 
direction. 

Procedure . “ In general, the three-dimensional design procedure of 
reference 2 was used to design the subject turbine stator- and rotor- 
blade profiles. An outline of the procedure used herein is presented 
since it differs somewhat from that presented in reference 2. 

1. A blade shape was approximated. 

(a) A straight suction surface was drawn from the throat to the 
trailing edge at the exit flow angle relative' to the blade in 
the plane of the trailing edge at the hub, mean, and tip 
sections. 

(b) The suction surface at the leading edge was drawn at an 
angle equal to or slightly less than the inlet relative flow 
angle at each section. 

(c) The channel shapes were then drawn in such a way that a 
smooth channel with no abrupt changes in curvature resulted. 

For the stator the contours were chosen so that a large 
portion of the turning would occur near the blade leading 
edge where the flow has low momentum. 

(d) The positions of the velocity potential lines and midchannel 
streamlines were estimated. 

2. In order to obtain a reasonable midchannel velocity distribution 
at the hub as a first trial, the velocity over the suction surface wus 
assumed constant and equal to the blade- outlet velocity, and the method 
of appendix B, reference 3, was applied. 
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3. By using the midchannel velocity distribution at the hub and the 
radial equilibrium relation of appendix B, reference 3, the blade shape 
was analyzed to obtain the midchannel and surface- velocity distributions 
at the hub, mean, and tip sections. The blade speed term in equation 
(Bl) of appendix B, referace 3, is set equal to zero for the stator. 

4. The weight flow was then calculated at each axial station through 
the blade passage using the method of reference 4 . If this calculated 
value of weight flow differed from the design value at any axial station, 
the midchannel velocity distribution at the hub was altered and the 
procedure (beginning at step 3) was repeated until the calculated value 
of weight flow was within one-half of 1 percent of the design value. 

5. The suction-surface diffusion was calculated at the three sections. 
If the diffusion at any section was higher than desired, the blade shape 
was altered and steps 3 and 4 repeated until a satisfactory blade shape 
was obtained. 

Discussion of stator blade . " The stator-blade solidities obtained 
by the method of the appendix were calculated assuming zero suction- surface 
diffusion and a pressure-surface diffusion of 0.55 at the hub, mean, and 
tip. These solidities resulted in a large increase in axial chord from 
hub to tip blade sections and relatively high suction-surface diffusion 
at the hub and mean sections. In order to reduce the suction-surface 
diffusion at these sections, the axial chord at the hub and mean sections 
was increased. The final axial chord at the hub is about one-half of 
that at the tip. The final stator-blade solidities and the resulting 
values of suction-surface diffusion at the hub, mean, and tip sections 
are given in table I. Thirty-nine stator blades were used for the sub- 
ject turbine. The design velocity distributions on the midchannel line 
and the blade surfaces at the hub, mean, and tip sections are shown in 
figure 3(a). The pressure-surface diffusion for the stator was not cal- 
culated since the velocity at the blade leading edge is not obtainable 
because of limitations of the stream-filament technique. 

The final blade shapes were obtained by stacking the hub, mean, and 
tip blade profiles so that the midpoints of the potential lines across 
the channel exits at the three sections were on a radial line. The 
stator-blade- section profiles are shown in figure 2. The coordinates of 
the stator-blade sections are presented in table Il(a) . 

Discussion of rotor blade. " The values of rotor-blade surface dif- 
fusion used in the method of the appendix to calculate the solidity were 
zero and 0.55 for the suction and pressure surfaces, respectively, for 
all three blade sections. The values of solidity and the resulting sur- 
face diffusion for the rotor are given in table I. The design require- 
ment of zero suction-surface diffusion has been well satisfied with zero 
being obtained on the hub and tip sections and 0.10 on the mean section. 
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The values of pressure-surface diffusion obtained on the hub, mean, and 
tip sections were 0.50, 0.43, and 0.22, respectively. The velocity 

distributions on the midchannel line and the blade surfaces at the hub, 
mean, and tip sections are presented in figure 3(b). Fifty- six blades 
were used in the rotor. The rotor aspect ratio was three. 

The final blade shape was obtained by stacking the hub, mean, and 
tip section profiles so that the centers of gravity at the three sections 
were on a radial line in order to minimize the bending stress. The rotor- 
blade section profiles are shown in figure 2. The coordinates of the 
rotor-blade sections are presented in table Il(b) ■ 


AFPARATUS 
Test Installation 

The experimental setup of the turbine is shown in figure 4. The air 
supply was throttled to the desired turbine- inlet pressure. After 
throttling, the air weight flow was measured by a submerged, calibrated 
ASME flange-tap, flat-plate orifice. The air then passed through a fil- 
ter and into an inlet plenum. Within the inlet plenum, the air passed 
through a screen and then was directed through a bellmouth, which 
supplied air to the turbine- stator assembly. The air passed through the 
turbine into an exhaust plenum, from which it was discharged into the 
laboratory exhaust facilities. 

A single 1700-horsepower cradled dynamometer of the eddy-current dry- 
gap type was used to absorb the power output of the turbine. The turbine 
torque output was measured by means of a balanced-diaphragm thrustmeter. 
The turbine rotative speed was measured with an electronic events-per- 
unit time meter. 

The turbine- stator and -rotor assemblies are shown in figure 5. The 
turbine rotor-blade design resulted in a blade that was long and thin. 
Aluminum was used in the fabrication of these blades. Therefore, the 
final rotor-blade assembly might vibrate excessively during operation to 
cause blade failure. Structural stability was maintained therefore by 
first threading a 0.016-inch-diameter stainless steel wire through, then 
looping it around each rotor blade near the trailing edge in the tip 
region, (see fig. 5(b)). 


Instrumentation 

The instrumentation used for the over- all performance evaluation of 
the turbine was located at stations 0, 1, 2, and 3 as shown in figure 6. 
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The flow conditions at the turbine inlet were measured by means of two 
total-temperature probes and two total-pressure probes located in the 
inlet-plenum chamber (station 0) , Static-pressure measurements at sta- 
tions 1, 2, and 3 were obtained from four wall static taps located on 
both the inner and outer wall of each measuring station. 

The static-pressure taps at stations land 2 were located approxi- 
mately midway circumferentially between adjacent stator blades. Two 
total-temperature rakes were located at station 3; each rake consisted 
of five thermocouples positioned so that the temperatures at the centers 
of 10 equal annular areas were obtained. 

Radial surveys of flow angle were made at station 3 with an angle 
survey probe mounted in a remotely controlled moveable actuator. A 
schematic diagram of the axial measuring stations and instrument loca- 
tion at each station is shown in figure 6. Photographs of the instru- 
ments are shown in figure 7, 


METHODS AND PROCEDURE: 

Experimental Procedure 

The turbine was operated with a measured inlet total pressure 

of approximately 40 inches of mercury absolute and a nominal inlet total 
temperature of 540° R for rotative speeds of 60- to 120-percent 

•*■0 

equivalent design speed in 10-percent increments over a range of rating 

pressure ratio pC/p* from 1.2 to X..8. 

H x.3 


Experimental Data Reduction and Performance Calculations 

In order to evaluate the over- all turbine performance, calculated 
values of total pressure at stations land 3 were used. The following 
one-dimensional equation for obtaining this pressure was derived from 
the equations of continuity and energy, the equation of state, and the 
isentropic relation between pressure and temperature. 



The static pressure used in this equation is the numerical average of 
hub and tip static pressures measured by the wall static-pressure taps 
at the axial station under consideration. The total temperature is de- 
termined by averaging the probe total -temperature readings (corrected 
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for Mach number) at either station 0 or station 3. Temperature measure- 
ments at station 0 were used in the total-pressure computation at sta- 
tion 1. A faired flow-angle measurement is used in equation (1) The 
radial flow-angle measurements at station 3 were averaged across the 
annulus ..then plotted and faired against the static pressures at this 
station. The flow direction at station lis assumed axial. 

In addition to this total-pressure computation at measuring stations 
land 3, a calculated turbine rating total pressure was computed at the 
turbine exit (station 3). This rating total pressure is defined as the 
static pressure at that station plus the pressure corresponding to the 
axial component of velocity. This rating total pressure can be stated 
in equation form as: 


r 

Pi = p(l + M 2) T " 1 (2) 

where ^ is the axial component of the one-dimensional annulus Mach 

number. The ideal equivalent work of the turbine was based on the out- 
let total pressure, the inlet total pressure, and the inlet total 
temperature. The actual equivalent work was determined from torque, 
speed, and weight-flow measurements. 

The experimentally obtained equivalent torque and weight-flow data 
were plotted and faired against the over-all rating total-pressure ratio 
for constant values of equivalent blade speed. Information 

taken from the faired curves of torque and weight flow at even incre- 
ments of the rating pressure ratio was used to compute the performance 
map. 


RESULTS AND DISCUSSION 

The over- all performance of the turbine is presented in figure 8(a) 
where equivalent work output is plotted against the weight-flow para- 

eter & for constant values of equivalent speed and rating pressure 

In addition, contours of constant brake internal rating 

based on p'/p' are shown. 

2C _L 2C ^ O 

At equivalent design work and speed, an efficiency of 0.828 was ob- 
tained at a rating pressure ratio of 1.55. Values of efficiency greater 
than 0.86 were obtained at low-speed turbine operation. Figure 8(a) 
shows that the turbine yields good efficiency over a wide range of rating 
pressure ratio and speed. 


ratio pj/p^ 
efficiency rj 
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In order to present a more complete evaluation of the turbine per- 
formance, a performance with the efficiencies of the turbine based 
on the over-all pressure ratio p£/p 4 . is presented in figure 8 (b). 

At equivalent design work output and speed, an efficiency of 0,835 
is now obtained at a Pp/p^ slightly less than 1.55. This efficiency 

is only 0,007 higher than the efficiency based on p'/p' This small 

_L Xj O 

difference in efficiency based on Pp/Pj an d Pp/P^ 3 shows that the 

tangential velocities at the turbine outlet are small which indicates a 
relatively small energy loss due to the exit tangential velocity. 


The variation of equivalent weight flow with rating pressure ratio 
for the equivalent speeds investigated is shown in figure 9. The value 
for equivalent design weight flow is indicated on the weight-flow ordi- 
nate. At equivalent design speed and a rating pressure ratio of 1.55 
corresponding to equivalent design work, the measured turbine weight 
flow was essentially the design value. Choking weight flow, indicated 
when the curves have a zero slope, was obtained above a rating total- 
pressure ratio of 1.75 for all speeds investigated. Figure 9 shows that 
the value of choking weight flow remains constant for speeds up t o and 
including design speed, indicating that the stator choked for these 
speeds prior to the rotor and controlled the weight flow passed by the 
turbine. At turbine rotor speeds greater than design the value of chok- 
ing weight flow decreases, indicating that the rotor blade row chokes 
initially and limits the turbine weight flow. 

The variation of equivalent torque with rating pressure ratio for 
the equivalent speeds investigated is shown in figure 10, Pressure 
ratios across the turbine large enough to achieve limiting loading were 
not obtainable. Limiting loading for any given speed is defined herein 
as the point at which a further increase in pressure ratio does not pro- 
duce an increase in torque. 


SUMMARY OF RESULTS 

The following results were obtained from an experimental investiga- 
tion of a high- weight- 'flow, low-pressure-ratio, single-stage turbine. 

The turbine was operated over a range of equivalent speed and pressure 
ratio at inlet conditions of 40 inches of mercury absolute and 80° F. 

1 . At equivalent design work and speed, design weight flow was ob- 
tained. The rating efficiency at this point was essentially the esti- 
mated design value of 0.83. 

2. Over the range of pressure ratio investigated limiting loading 
was not reached. 


3. The stator choked at over-all pressure ratios above 1.75 for 
60 to 100 percent of equivalent design speed. At speeds above design 
the rotor controlled the weight flow through the turbine. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronay tics 
Cleveland, Ohio, August 18, 1958 
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APPENDIX " A M3HD PO? INITIAL EVALUATION CF BLADE SOLIDITY 
FOR GIVEN BLVDL-SLJRLACTTTILLUSICN PARAML1LRS 

In order to obtain an initial value of solidity for use in the de- 
sign of a blade section, a blade-loading coefficient is used similar to 
that developed in reference 5. The blade-loading coefficient is the 
ratio of the actual blade loading to an ideal blade loading, j n th e 
derivation of reference 5 the ideal blade-loading condition is one in 
3 which the inlet stagnation pressure is effective over the entire blade 

pressure surface while the blade outlet static pressure is effective 
over the entire suction surface. In the present analysis, also, con- 
stant values of velocity and, therefore, static pressure, are assumed 
on each of the blade surfaces in determining the ideal blade loading. 
However, the constant surface velocities are determined from the veloc- 
ity diagrams and assumed values for the blade- surface- diffusion param- 
eters in the present analysis. In addition, the isentropic compressible 
flow relations are used whereas the method of reference 5 assumes incom- 
pressible flow. 

The constant suction- and pressure-surface critical velocity ratios 
for the ideal blade loading are obtained from the relations 



The corresponding static pressures and densities are obtained from the 
isentropic-flow relations. The equation for conservation of momentum 
in the tangential direction for the mass of fluid included in a blade 
channel may be written 

Cx^Pp^r - Ps,r> - s r (P T x)i, r (V u ) i)r - (pV x ) e , r (V u ) ejJ . (A3) 

Equation (A3) defines the blade-loading coefficient <P . Assuming no 
loss through a blade row, 


p! (a' 
i cr , 


) 2 = P'( a 


cr,e 


) 2 
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Division of equation (A3) by this quantity gives 





(A4) 


With the relations 


V x = V cos a 
V u = V sin a 


the definition of critical velocity, and the perfect gas law, equation 
(A4) may be solved for solidity to yield 



Relation (A5) was written with the stator angle a- Th e same relation 
may be applied to the rotor by replacing the stator angles a hy the 
flow angles relative to the rotor 8. A value of the loading coeffi- 
cient of 0.80 has yielded satisfactory values of solidity for use 
in the initial layout of a blade design. 
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TABLE I. - SURFACE DIFFUSION AND SOLIDITY 
PARAMETERS KR STAR K AND ROTOR BLAIRS 


Blade 

Section 

Blade-surface 

diffusion 

parameters 

Solidity, 

ff 


% 

D tot 

Stator 

Hub 

0.06 



1.08 


Mean 

.10 



1.15 


Tip 

.12 



3.19 

Rotor 

Hub 

0 

0.50 

0.50 

2.71 


Mean 

.10 

.43 

.53 

1.59 


Tip 

0 

.22 

.22 

.99 
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(Hub) 

(a) Stator blade. 

Figure 3. ~ Design blade midchannel and surface-velocity distribution at 
hub, mean, and tip sections as a function of axial location. 
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(Hub) 

(b) Rotor blade. 

Figure 3. - Concluded. Design blade midchannel and surface- velocity 
distribution at hub, mean, and tip sections as a function of axial 
location. 
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Figure 4. - Installation of turbine in coltu air, turbine-component test facility, 




Figure 5. - Turbine stator anfij rotor assemblies 
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Figure 5 - Concluded. Turbine stator anfij rotor na embliea 







(Measuring station 3 
is located 2.1 rotor- 
blade chords downstream 
of turbine exit.) 
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Station 0 12 
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Station 0 

Static pressure 
- Totaltemperature 
Probe actuator 



Figure 6. - Schematic diagram of turbine showing instrumentation. 
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Figure 8. - Concluded. Over-all performance of turbine. 
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